Abstract High levels of homocysteine (Hcy), known as hyperhomocysteinemia (HHcy), are associated with cerebrovascular diseases, such as vascular dementia, stroke, and Alzheimer's disease. The c-amino butyric acid (GABA) is an inhibitory neurotransmitter and a ligand of GABA-A receptor. By inhibiting excitatory response, it may decrease complications associated with vascular dementia and stroke. Hcy specifically competes with the GABA-A receptors and acts as an excitotoxic neurotransmitter. Previously, we have shown that Hcy increases levels of NADPH oxidase and reactive oxygen species (ROS), and decreases levels of thioredoxin and peroxiredoxin by antagonizing the GABA-A receptor. Hcy treatment leads to activation of matrix metalloproteinases (MMPs) in cerebral circulation by inducing redox stress and ROS. The hypothesis is that Hcy induces MMPs and suppresses tissue inhibitors of metalloproteinase (TIMPs), in part, by inhibiting the GABA-A receptor. This leads to degradation of the matrix and disruption of the blood brain barrier. The brain cortex of transgenic mouse model of HHcy (cystathionine b-synthase, CBS-/?) and GABA-A receptor null mice treated with and without muscimol (GABA-A receptor agonist) was analysed. The mRNA levels were measured by Q-RT-PCR. Levels of MMP-2, -9, -13, and TIMP-1, -2, -3, and -4 were evaluated by in situ labeling and PCR-gene arrays. Pial venular permeability to fluorescence-labeled albumin was assessed with intravital fluorescence microscopy. We found that Hcy increases metalloproteinase activity and decreases TIMP-4 by antagonizing the GABA-A receptor. The results demonstrate a novel mechanism in which brain microvascular permeability changes during HHcy and vascular dementias, and have therapeutic ramifications for microvascular disease in Alzheimer's patients.
Introduction
Hyperhomocysteinemia (HHcy) is an important risk factor for the development of cerebrovascular diseases, thromboembolism, and stroke [1, 2] . Reductions in Hcy levels are associated with reduced carotid artery restenotic events after angioplasty [3, 4] . Interestingly, elevation in Hcy level induces seizure in animals [5] and it is associated with vascular dementia and Alzheimer's disease in humans [6] . Treatment with a c-amino butyric acid (GABA)-A receptor agonist decreases seizures in animals [5, 7] . Hcy behaves as an antagonist to GABA-A receptor. Epidemiological studies have also indicated that HHcy is a contributory factor for the development of atherosclerotic lesions and arterial hypertension [8, 9] . GABA-A receptor agonist decreases blood pressure and has been used as an antihypertensive agent [5] . The decrease in blood pressure by a GABA-A agonist is associated with an increase in endothelial NO [10, 11] . Hypertensive patients who had elevated Hcy had enhanced endothelial dysfunction [12] .
GABA is a major inhibitory neurotransmitter. GABA receptors are classified into ionotropic (GABA-A), metabotropic (GABA-B), and GABA-C on the basis of pharmacological and physiological studies [13, 14] . GABA receptors are present in the mammalian central nervous system (CNS) [15] , heart [16] and endothelial cells [17] . These receptors decrease neuronal membrane ''excitability'' i.e., by increasing chloride conductance resulting in the inhibitory actions of GABA [18] [19] [20] . The antagonist to the N-methyl-D-aspartate (NMDA) receptor [21] protects Hcy-mediated toxic effects in neurons [5] , suggesting that Hcy is an agonist to NMDA-receptor and an antagonist to GABA receptor. Muscimol (MC, GABA-A receptor agonist) specifically competes with Hcy for binding to the GABA-A receptor [22] .
The role of matrix metalloproteinase (MMP) and tissue inhibitor of metalloproteinase (TIMP) in neuronal degeneration has been suggested [2, 5, 23, 24] . Matrix degradation and proteolytic shedding of GABA/NMDA receptors have been implicated with tissue plasminogen activator (tPA) [25, 26] . GABA receptors play a significant role in alteration of brain microvascular permeability which alters the cerebral microvascular environment leading to matrix degradation and edema [27] [28] [29] [30] . Ablation of the beta-1 integrin gene decreases GABA receptormediated cell-matrix interaction [31] . Treatment with the GABA-A receptor antagonist, bicuculline, resulted in increased levels of MMP-9 [32] . We showed that MC inhibits MMP activation in microvascular endothelial cells [33] . Others have suggested that GABA inhibits cell migratory activity in 3-D collagen gels [34] . MMPs play a significant role in regulation of microvascular permeability and edema [35] [36] [37] . Hcy levels are associated with vascular dementias and seizures [5] [6] [7] ; however, it is unclear whether Hcy-mediated vascular edema is ameliorated by the GABA-A receptor via MMP activation.
Methods
Animals were maintained at temperatures between 22 and 24°C. A 12-h light-dark cycle was maintained by artificial illumination. In accordance with the national institute of health guidelines for animal research, all animal procedures were reviewed and approved by the institutional animal care and use committee of the university of Louisville school of MEDICINE. The animals were fed standard chow and water ad libitum. Levels of water and food intake, and changes in body weight were measured every other day. Because results from other laboratories have suggested extensive genetic homology between mice and humans [38] , we used mice. Mice were treated with or without MC and maintained accordingly in this study.
High methionine diet during the cystathionine b-synthase (CBS) deficiency creates HHcy. Experimental animal models of HHcy have been created by infusing methionine or homocysteine thiolactone [22, 39] . However, methionine overload may induce generalized protein synthesis and homocysteine thiolactone may produce additional injury by lactone. On the other hand, CBS (-/?) mice have an endogenous elevation of Hcy due to CBS gene disruption. A breeding pair of heterozygous for CBS gene (C57BL/6J-Cbs tm1Unc ), and homozygote knockout for GABA-A receptor gene B6:129-GAB rabtm 1geh was obtained from Jackson laboratories. The mice were bred in the mice breeding facility of the university of Louisville school of medicine. CBS was inactivated using homologous recombination in C57BL/6J mouse embryonic stem cells to disrupt the coding sequence of the CBS gene as described [20] . Heterozygous (-/?) CBS-deficient mice and littermate, wild type (WT, ?/?) controls were used. The GABA-A-/-mice have a gene knockout due to specific mutation in the alpha subunit. MMP-9-/-is a homozygote knockout.
The genotyping and phenotyping of offspring at the age of *8 weeks that were weighing 20 ± 3 g were determined by collecting tail vein blood and tail tissue. CBS genotyping was performed by PCR using CBS-specific primers and phenotype was done by evaluating plasma levels of Hcy [39] . DNA was extracted and amplified by PCR for sequences in intron 3 and Neo insert in CBS-/? mice [39] . The PCR primers are as follows:
0 [20] . The product was identified by two bands with differing electrophoretic mobility [39] . The phenotype was determined by measuring Hcy levels in the blood obtained from the tail vein. Levels of Hcy in the plasma were measured by HPLC separation and spectrophometric titration with dithio-bis-nitrobenzoate with absorption measured at 412 nm, using e 412 nm of 13,600/M cm [40] . Activity of CBS was measured using the methods of Kashiwamata and Greenberg [41] . The mouse GABA-A receptor primers TTCTAGCCTCCTTCCAG-TATGATTTG (sense) and TACTCAACAGTACTGCTCC ACTTCC (antisense) (GenBank # X51986) were used [5] . For GABA-A receptor genotyping, the product corresponding to nucleotides 250-963 of the a-6 subunit cDNA as described [5] was used as a marker. The wild type allele corresponding with southern blot band at 9.4 kb and targeted mutant allele of 6.6 kb was used as described [5] . Because Hcy levels vary with the levels of CBS enzyme, the mice were divided into four groups: (1) mice with Hcy levels between 3 and 5 lmol/L and one PCR product (WT) [7] ; (2) mice with Hcy levels between 15 and 25 lmol/L and two PCR products with CBS primers with different electrophoretic mobility in agarose gels (CBS-/?); (3) mice with one PCR product of lower mobility than WT when using GABA-A primers (GABA-A-/-); (4) double knockout mice with Hcy levels between 15 and 25 lmol/L and two PCR products with CBS primers; and one PCR product with GABA-A primers with different electrophoretic mobility in agarose gels (CBS-/?/GABA-A-/-) [20] . Primers for TIMP-4 were: sense 5 0 -GTGACGAGAAGGAGGTGGAT TCC and anti-sense 5 0 -CTTGATGCAGGCAAAGAACT TGGC (GenBank no. U76456).
To activate the GABA-A receptor, MC (Sigma Chemical Co.) was administered to CBS-/? mice at 8 lg/mL in the drinking water. This amount of MC is soluble in aqueous conditions. The concentration was determined based on the fact that the binding constant between MC and GABA-A receptor is in the micromole range [22] , mice have a blood volume of 7-8 % of their body weight, and drink *2.5 ml water/day. Therefore, each mouse ingested *20 lg/day MC that resulted in a blood concentration of *32 lmol/L MC, which is enough to saturate most binding sites on GABA receptors. To determine selectivity of MC in the absence of Hcy, MC was administered to WT (C57BL/6J) mice. To determine whether the MC treatment causes any change in food intake, food intake was measured every second day during the treatment period. Because previous studies demonstrated significant vascular dysfunction at 8-12 weeks of homocysteinemia [38] , we administered MC for 8 weeks. After 8 weeks, mice were anesthetized with tribromoethanol (100 mg/kg IP), which has a minimal effect on cardiovascular function in mice [42] . To determine plasma Hcy in each mouse, 0.5 mL blood was collected from each mouse by a catheter (PE-10) in the right common carotid artery.
cDNA gene expression array (GEArray) analysis
The expression of neurotransmitter receptor response genes was analyzed using a non-radioactive GEArray Q-series mouse neurotransmitter receptors and regulators finder Gene Array (SuperArray, Inc., Bethesda, MD). In brief, 4 lg total RNA was used as template for biotinylated cDNA probe synthesis. RNA was reverse-transcribed by gene-specific primers with biotin-16-dUTP. Biotinylated cDNA probes were denatured and hybridized to obtain gene-specific cDNA fragments spotted on the membranes. The GEArray membranes were then washed and blocked with GEArray blocking solution, and incubated with alkaline phosphatase-conjugated streptavidin. The hybridized biotinylated probes were detected by chemiluminescent method using the alkaline phosphatase substrate, CDP-Star. The results were analyzed using Kodak Molecular Imaging Software. Each array membrane comprises 96 marker genes in quadruplicate; four positive controls including b-actin, glyceraldehyde-3-phosphate dehydrogenase, cyclophilin A, and ribosomal protein L13a; and a negative control, bacterial plasmid pUC18. The relative expression levels of different genes were estimated by comparing its signal intensity with that of internal control bactin.
In vivo fluorescence imaging of MMP activity
To conduct in vivo imaging of MMP activity, we injected DQ-gelatin (Molecular Probes Inc.) into tail vein. The probe was injected into tail vein 24 h before measurements. MMP substrate fluorescence was assessed at Ex/Em 495/515 (green) after MMP cleavage. To avoid fluorescence interference due to hair, whole body was saved and isolated brain fluorescence was measured by Kodak MM-4000 [43] . The serial tissue sections were analyzed by FV-1000 confocal microscope (Olympus Corp.). To estimate the variation in measurements of MMP activity among similarly treated animals, the intensity of the green fluorescence generated due to MMP activation was quantitated using Image Pro Plus Software (Media Cybernetics Inc.).
Brain microvascular preparation Vascular leakage from mouse pial venules was studied in (1) WT; (2) CBS-/?; (3) GABA-A-/-; (4) GABA-A-/-/ CBS-/?; (5) CBC-/?
? MC; (6) WT -MC mice. After anesthesia, a carotid artery was cannulated to measure mean arterial blood pressure and to infuse fluorescein isothiocyanate (FITC)-conjugated bovine serum albumin (BSA). The pial circulation at the cortical surface was exposed via a craniotomy. The mouse was positioned on the heating pad placed on the modified stage of the upright microscope (BXG61WI, Olympus, Japan). After stabilization of mice, FITC-BSA (0.2 mL/100 g of body wt.) probe was injected intra-arterially and allowed to circulate for 5 min. Epi-illumination with blue light (450-490 nm) from a mercury arc lamp was used to observe the vascular network. A neutral density filter 4 (ND4) was used, to limit fluorescence intensity. Before Hcy infusion (50 lL of 1.25 mM), the image of the pial circulation segment was recorded using a 109 objective and data acquisition system. 5 and 40 min after Hcy infusion, images of the same vascular area were recorded [44] . The fluorescence intensity in the interstitial area adjacent to the brain pial venule of interest was measured using Image Pro Plus image analysis software. The area of interest was kept the same during analysis. Data are presented as fluorescence intensity units (FIU) in the range of 0-250 FIU [44] .
Statistical analysis
Statistical analysis was performed using GraphPad InStat to compare data collected from groups. Differences between groups and controls were determined by one-way analysis of variance (ANOVA). If a significant difference was indicated, the Tukey post hoc test was used to identify groups that were significant. Differences were considered significant if p \ 0.05. All values are presented as mean ± SEM.
Results
The cDNA gene array and RT-PCR analyses of the brains of CBS-/? mice suggests significant decrease in the mRNA expression of GABA-A receptor in CBS-/? mice as compared to WT controls. There was no significant (p \ 0.05) change in the mRNA levels of GABA-B receptor. The levels of TIMP-4 mRNA were also decreased significantly (p \ 0.05) in the brains of CBS-/? mice as compared to controls (Fig. 1) . These data suggest downregulation of GABA-A receptor in CBS-/? HHcy mice as compared to WT controls. They also suggest a decrease in TIMP-4 levels and thus significant alteration in subendothelial matrix.
In vivo MMP activity was increased in brain cortex of CBS-/?, GABA-A-/-, and double knockout CBS-/?/ GABA-A-/-mice as compared to WT controls (large arrows pointing to the red spots indicate MMP activity, Fig. 2a) . The results from cross-sections of frozen tissue suggest robust MMP activation in both CBS-/? and double knockouts as compared to WT controls. There was significant (p \ 0.05) increase in MMP activity in GABA-A null mice as compared to WT controls. The activity of MMP in the microvessels (arrows, Fig. 2b ) of CBS-/? and double knockouts as compared to GABA-A-/-and WT controls was also increased (Fig. 2c) . These data suggested that although there was an increase in MMP activity in GABA-A-/-null, Hcy further induced MMP activation in GABA-A-/-, indicating an additional role of GABA-B receptor in Hcy-mediated MMP activation (Fig. 2) .
The GABA-A-/-knockout allele is not lethal [45] . We had measured the survival rate of GABA-A receptor null and double knockout mice (Fig. 3) . The results showed that CBS-/? and GABA-A receptor null mice lifespan is similar to WT mice, however, 40 % of double CBS-/?/ GABA-A receptor null mice died at 40 weeks. Interestingly, the treatment with muscimol at birth improved the survival to 80 %. It was also noted that there was no link between the survival rate of CBS/GABA-A knockout mice and vascular defects.
Pial venular permeability and diameters were measured in HHcy mice treated with or without MC. The results showed that there was 1.5-fold higher leakage in the pial vessels of HHcy mice as compared to WT controls. Pial vascular diameters of HHcy mice tended to be lesser than those in WT mice. The treatment with MC ameliorated the leakage in the brains of HHcy mice and normalized the vascular diameters (Fig. 4) . No toxic effect of MC was noticed in these animals.
Discussion
The majority of genetic causes of HHcy are due, primarily, to the heterozygote deficiency in CBS enzyme. The heterozygous (-/?) mice demonstrated a 4-fold increase in the levels of Hcy [20] , analogous to the hyperhomocysteinemic human. Furthermore, there is cerebral arteriolar stiffness in CBS-/? mice [46] . We previously showed an increase in brain microvascular permeability in HHcy mice and that the ablation of MMP-9 attenuated the Hcy-mediated increase in cerebrovascular permeability [44] .
Since most of the oxidative stress is caused by peroxidase the levels of peroxidase depend on the level of thioredoxin. In addition, the level of thioredoxin is a strong predictor of oxidative stress [47, 48] . Therefore, we measured tissue level of thioredoxin and found an increased oxidative stress [38, 41, 47, 49] . Previous studies from our laboratory showed that Hcy increases oxidative stress by generating ROS and nitrotyrosine [38] . We and others have suggested competition for binding between GABA and Hcy [22, 33, 50] . To determine whether the increase in ROS by Hcy is due, in part, to the increase in nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity secondary to GABA-A we measured NADPH oxidase activity in CBS-/?, GABA-A receptor null, and CBS-/?/GABA-A-/-mice treated with or without MC. In tissues NADPH oxidase is a primary source of ROS generation and treatment with MC decreases ROS formation.
Structural alteration in cerebral microcirculation of CBS-/? mice has been demonstrated [46] . Previous studies from our laboratory have shown that Hcy induces MMP [39, 40, 44] . Activation of MMPs causes an increase in microvascular permeability [35] [36] [37] . In an acute experiment, we demonstrated that Hcy induced brain microvascular leakage secondary to activation of MMP-9 [44] . Although an antagonist to GABA-A receptor activates MMPs [32] , and GABA-A receptor is associated with inhibitory neurotransmission, however, role of GABA-A receptor in vascular permeability was unclear. An observed reduction in GABA-A receptor mRNA levels in CBS-/? mice suggest a possible down-regulation of GABA-A receptor indicating its possible role in cerebrovascular permeability.
Summary
The relationship between hyperhomocysteinemia and vascular permeability was examined, as it relates to the bloodbrain barrier permeability. The premise of the study is that homocysteine affects endothelial cells, thus altering its normal property and function. Specifically, homocysteine leads, via inhibition of the GABA-A receptor, to elevations in MMP-9 activity through a NO-dependent decrease in TIMP levels. As a result, there is a breakdown of the extracellular matrix which affects the blood-brain barrier. A reduction in TIMP-4 correlated with a higher MMP-9 activity. Based on the previous studies from our laboratory and the present data, we conclude that the chronic hyperhomocysteinemia causes brain microvascular leakage and treatment with MC ameliorates this condition in HHcy mice, attenuating the effects of Hcy overload (Fig. 5) . 
